Core body temperature of Mc4r-null mice was normal, and they responded normally to cold exposure. Young nonobese Mc4r-null females were unable to induce uncoupling protein 1 (UCP1) in brown adipose tissue in response to peripheral leptin administration, whereas UCP1 mRNA was increased by 60% in the WT females. These results indicate that Mc4r deficiency enhances caloric efficiency, similar to that seen in the agouti obesity syndrome and in melanocortin-3 receptor-null mice.
Melanocortin-4 receptor (Mc4r)-null mice exhibit late-onset obesity. To determine whether aberrant metabolism contributes to the obesity, food consumption by Mc4r-null mice was restricted to (pair-fed to) that consumed by wild-type (WT) mice. Pair-fed Mc4r-null females maintained body weights intermediate to that of WT and nonpair-fed Mc4r-null females, whereas pairfeeding normalized the body weights of Mc4r-null male mice. Fat pad and circulating leptin levels were elevated in both male and female pair-fed Mc4r-null mice compared with WT mice. Oxygen consumption of Mc4r-null mice with similar body weights as WT controls was reduced by 20%. Locomotor activity of young nonobese Mc4r-null males was significantly lower than that of WT males; however, locomotion of young nonobese females was normal. Core body temperature of Mc4r-null mice was normal, and they responded normally to cold exposure. Young nonobese Mc4r-null females were unable to induce uncoupling protein 1 (UCP1) in brown adipose tissue in response to peripheral leptin administration, whereas UCP1 mRNA was increased by 60% in the WT females. These results indicate that Mc4r deficiency enhances caloric efficiency, similar to that seen in the agouti obesity syndrome and in melanocortin-3 receptor-null mice.
A nalyses of mutations at the agouti (A) locus along with pharmacological studies involving recombinant agouti protein have provided insights into the control of pigmentation and body weight. The agouti peptide is normally produced and secreted transiently in the skin, where it antagonizes the action of ␣-melanocyte stimulating hormone (␣-MSH) acting on the melanocortin-1 receptor. This interaction results in deposition of bands of yellow pigment in otherwise black hairs, giving rise to the agouti coat color (1, 2) . Several spontaneous chromosomal deletions that place the agouti gene under control of nearby ubiquitously expressed promoters have been identified in mice (3) . Heterozygous mice with lethal yellow (A y ) and viable yellow (A vy ) mutations have a syndrome known as the ''yellow mouse syndrome,'' characterized by maturity-onset obesity, increased linear growth, hyperleptinemia, hyperinsulinemia, noninsulindependent diabetes mellitus, and yellow fur (4) . Homozygotes for these alleles die in utero because of a loss of essential genes (5) .
Mice with multiple copies of the agouti gene expressed under the control of a skin-specific promoter manifested yellow fur but did not exhibit obesity-related phenotypes characteristic of the yellow mouse syndrome (6) . Studies in vitro showed that agouti protein could also antagonize melanocortin-4 receptor (Mc4r) (7), which is expressed primarily in the nervous system with high levels in the hypothalamus (8, 9) . Because the hypothalamus plays a critical role in the regulation of appetite and metabolic rate it was hypothesized that antagonism of Mc4r by agouti might be responsible for the obesity of A Interruption of leptin or ␣-MSH signaling in the hypothalamus is thought to be the primary cause of the obesity exhibited by A y (11) and Mc4r-null mice. Leptin is a hormone produced by adipose tissue that communicates the level of energy stores in the body to the brain. Animals that lack functional leptin, ob͞ob mice, are morbidly obese and have a low metabolic rate. Leptin signals through the pro-opiomelanocortin (POMC)-containing neurons in the arcuate nucleus as well as other nuclei in the hypothalamus (12) . POMC is the precursor of ␣-MSH, an agonist of Mc4r. These POMC-expressing neurons project to the lateral hypothalamus and paraventricular nucleus, where Mc4r is located. Activation of this leptin-melanocortin signaling pathway has been shown to affect food intake and metabolic rate. Adult A y mice do not respond to s.c. leptin and require 100-fold more leptin to inhibit feeding (13) . Likewise, adult Mc4r-null mice are resistant to the action of leptin (i.p. or centrally administered) with respect to food intake (14) .
Both Mc4r-null (10) (19) , but not when tested at 6 wk of age. Finally, the metabolic rate of adult Mc4r-null, that were significantly heavier than control mice, was less than either lean controls or diet-induced obese controls when normalized to total body weight (20) .
Signaling through the Mc4r activates the sympathetic nervous system (SNS) (21, 22) , leading to increased release of norepinephrine, which activates a variety of metabolic processes, including thermogenesis in brown adipose tissue (BAT) by means of the induction of mitochondrial uncoupling protein 1 (UCP1). Induction of UCP1 generates heat by uncoupling oxidative phosphorylation in BAT, thereby helping rodents tolerate cold (23) . UCP1 is also induced in BAT when rodents consume excess calories, in a process termed diet-induced thermogenesis (24) . Diet-induced thermogenesis is also mediated by the SNS; however, its primary function is to expend excess calories as heat (24) . Leptin can induce expression of UCP1 (25) in a manner that depends on activation of the SNS (26) . One study indicated that the Mc4r is an important mediator of this response because central administration of leptin and a Mc4r antagonist completely inhibited the leptin-induced increase in UCP1 mRNA in BAT of lean rats (21) . Another study found that administration of either leptin or a Mc4r agonist induced sympathetic nerve activity in BAT of lean rats. However, when leptin was administered with a Mc4r antagonist, sympathetic nerve activity in BAT was unchanged, suggesting that leptin can activate BAT independently of Mc4r (22) .
If Mc4r is a critical mediator of metabolism and diet-induced thermogenesis, then Mc4r-null mice should be more metabolically efficient than control mice and should gain more weight (as adipose tissue) than control mice with the same food consumption (i.e., exhibit increased feed efficiency). We carried out long-term, pair-feeding experiments, which revealed that the Mc4r-null mice, like mice with the yellow mouse syndrome and melanocortin-3 receptor-null mice (18) , show a predisposition to store calories as adipose tissue. To further characterize this metabolic defect, we tested oxygen consumption, locomotor activity, cold responsiveness, and the ability of leptin to induce UCP1 mRNA in Mc4r-null mice.
Materials and Methods
All animal procedures complied with National Institutes of Health guidelines and were approved by the University of Washington Animal Care Facility Committee.
Pair-Feeding Experiments. F 4 generation mice of mixed 129͞Sv ϫ C57BL͞6J background heterozygous for the disrupted Mc4r allele were bred to generate Mc4r-null and WT littermate mice (10) . Genotyping was performed as described (14) . Mice were maintained on standard mouse chow (Harlin Teklad's standard laboratory mouse chow H8604) at 22°C on a 12-h light-dark cycle. Food intake of WT mice was measured daily starting at approximately 5 wk of age. Each day, group-housed male and female Mc4r-null mice were given the average amount of food consumed by their sex-matched WT littermates the previous day (27) . Separate groups of group-housed male and female Mc4r-null mice were allowed ad libitum access to food. Body weights were measured weekly.
Fat Pad Measurements. WT, pair-fed Mc4r-null and Mc4r-null mice with ad libitum access to food were killed at 38-46 wk of age. Inguinal, retroperitoneal, reproductive, scapular white adipose tissue, as well as scapular brown adipose tissue were immediately dissected and weighed.
Serum Measurements. Trunk blood was collected from mice fed ad libitum in Microtainer Spin Tubes containing EDTA (Becton Dickinson) and immediately centrifuged at 2,000 rpm for 10 min at room temperature. Plasma was collected and frozen at Ϫ60°C. ELISA assays (Chrystal Chem, Chicago) were performed to measure leptin and insulin levels. Glucose levels were determined by using the YSI Select glucose analyzer (Yellow Springs Instruments).
Locomotor Activity. Ambulatory activity of age-matched WT and Mc4r-null mice (4-8 wk of age) were measured in transparent Plexiglas cages (40 ϫ 20 ϫ 20-cm) surrounded by an aluminum frame equipped with infrared beams (San Diego Instruments). Mice were placed in the cages during the day, and beam breaks were measured for the first hour. Animals remained in the cages overnight with food and water available ad libitum, and light and dark cycle beam breaks were measured beginning on the second day. The number of consecutive beam breaks that occurred each hour during a 24-h period were measured and converted to meters traveled by using the distance between beams (8.8 cm) as a conversion factor.
Cold Tolerance. Core body temperature of mice was measured at room temperature with a telethermometer (model 43TA, Yellow Springs Instruments), equipped with a rectal probe (model 402, Yellow Springs Instruments). The probe was inserted 5 cm into colon. Mice were then placed in a room maintained at 4°C, and body temperatures were measured similarly at 1, 4, 8, and 24 h after cold exposure.
Indirect O2 Consumption (VO2) Measurement. WT and NPF Mc4r-null mice, 7.5-8.5 wk of age, were allowed to acclimatize to the experimental conditions by being placed in the chamber of an indirect open circuit calorimeter (Oxymax; Columbus Instruments) for 3 h on the day of assay. Measurements were carried out starting at approximately 12:00 h. The inlet fresh air flowrate was 0.5 liter͞min, the sample flow-rate was 0.5 liter͞min, and the chamber was sampled for 60 s, with a resettling time of 60 s. Reported values are the means of 60 measurements over a 2-h period for each animal. There was no significant difference in oxygen consumption between females and males of each genotype; consequently, the results for these two groups were combined. UCP1 mRNA Measurements. Leptin (recombinant mouse; Calbiochem) injections were performed as described (25) . Briefly, 5.5-wk-old WT and Mc4r-null female mice were injected once daily with 20 g͞g body weight recombinant mouse leptin or an equivalent volume of PBS vehicle, 3 h after the start of the light cycle for 3 days in a 22°C room. Three hours after the last injection, mice were killed and BAT was removed. Total nucleic acids were isolated from BAT, and relative levels of UCP 1 mRNA were quantified as described (28 
Results
Mc4r-null mice become obese and hyperphagic compared with WT mice; however, it is unclear whether disruption of melanocortin signaling primarily affects appetite, metabolism, or both. Therefore, to study the effects of appetite and metabolism on Mc4r-null mice, the daily food intake of young nonobese mice was restricted to that of WT mice, an experimental paradigm known as pair-feeding (25) . Additionally, separate groups of male and female Mc4r-null littermates had ad libitum access to food. We have designated the animals pair-fed to the WT animals as PF Mc4r-null animals and those with access to food ad libitum as the nonpair-fed (NPF) Mc4r-null animals.
By 12 wk of age, the NPF Mc4r-null females had significantly greater average body weights (26.87 Ϯ 1.35 g) than WT females (22.39 Ϯ 0.38 g); their body weights continued to increase compared with WT females out to 37 wk, at which time they were 1.5-fold heavier (Fig. 1A) . The PF Mc4r-null females had body weights intermediate between WT and NPF Mc4r-null females. They first attained greater average body weight than the WT female on week 17, and the significance of this difference was consistent after week 22. At 37 wk, PF Mc4r-null females had dissected body fat content that was intermediate between WT and NPF Mc4r-null females (Fig. 2A) . The 3.5-g increase in fat pad mass observed in PF Mc4r-null females accounted for most of their body weight gain.
NPF Mc4r-null males also became 1.5-fold heavier than the WT males by 37 wk (Fig. 1B) . In contrast to females, PF Mc4r-null males failed to gain weight relative to WT controls. Yet, like the PF Mc4r-null females, the PF Mc4r-null males had dissected body fat content that was significantly greater than WT males and intermediate between the WT and NPF Mc4r-null males (Fig. 2B) . Reflective of their increased adiposity, both PF Mc4r-null females and males had greater serum leptin content than WT mice and lower serum leptin content than NPF Mc4r-null mice ( Table 1) . As previously reported, the insulin levels of the NPF Mc4r-null animals were significantly elevated over WT levels (10) . Serum insulin levels in the PF Mc4r-null females and males were normalized, although there was a trend toward higher insulin levels in the PF Mc4r-null males. NPF Mc4r-null females were significantly hyperglycemic compared with controls (Table 1 ), in contrast to previous studies with Mc4r-null and A vy mice, in which only males were hyperglycemic (10, 29) .
The increased body weight of the NPF Mc4r-null females at 12 wk of age, and of the NPF Mc4r-null males at 10 wk, occurred in the absence of any significant hyperphagia (Fig. 3) . These results support a role for Mc4r in the regulation of metabolism.
Mc4r could mediate a number of processes that would inf luence metabolism and cause Mc4r-null mice to have an increased propensity to store calories as adipose tissue. We investigated locomotor activity level, core body temperature (30), oxygen consumption (VO 2 ), and the ability of leptin to regulate UCP1 expression (25) . There was no difference in the distance traveled by lean Mc4r-null and WT females during any portion of the day or night (Fig. 4A) . However, similar to findings by Chen et al. (20) , Mc4r-null males traveled less than WT males during the dark cycle (Fig. 4B) . The core body temperature in Mc4r-null mice was normal and they were able to thermoregulate at 4°C (Fig. 5) , indicating that they could induce UCP1 expression when exposed to cold temperatures. At 7.5-8.5 wk of age, when NPF Mc4r-null animals and WT controls had similar body weights (average body weight WT ϭ 19.48 Ϯ 1.0 g; average body weight Mc4r-null ϭ 21.06 Ϯ 1.5 g), the NPF Mc4r-null animals consumed less oxygen (59.37 Ϯ 1.99 ml͞kg͞h) than WT controls (79.55 Ϯ 3.66 ml͞kg͞h). Total O 2 consumption is shown in Fig. 6 , but the same difference between genotypes was apparent when calculated as basal VO 2 (data not shown). To determine whether leptin could induce UCP1 gene expression, leptin was administered (i.p.) for 3 days to young, nonobese Mc4r-null and WT females, and UCP1 mRNA was measured in BAT. Mc4r-null females were unable to induce UCP1 mRNA after leptin injection, whereas control animals exhibited a 60% increase in UCP1 mRNA in response to leptin treatment (Fig. 7) .
Discussion
The hypothalamus is thought to integrate many sensory and metabolic signals to regulate energy balance. Energy balance is maintained by controlling energy intake, as food, and energy expenditure, as physical activity and metabolism. Mc4r is an important component in this regulation as demonstrated by the phenotype of Mc4r-null mice and mice with the yellow mouse syndrome (4, 10) . To investigate the contribution of metabolism, in the absence of hyperphagia, Mc4r-null mice were pair-fed to WT, sex-matched littermates. Our results indicate that Mc4r-signaling contributes to the regulation of metabolism. The PF Mc4r-null females became significantly heavier than their WT counterparts when given the same amount of food. Although the body weight of PF Mc4r-null males was not statistically different from WT males, there was a trend for the PF Mc4r-null males to be 2-3 g heavier than their WT counterparts. This body-weight difference was reflected in their fat pad weights, which were significantly elevated, mimicking the findings in A vy mice (16) , and demonstrating a propensity to store calories as adipose tissue. Frigeri et al. (16) did not observe a sexually dimorphic effect in their study on efficiency of food utilization in A vy mice. The serum leptin levels of the PF Mc4r-null mice also reflected their increased adiposity. Pairfeeding normalized serum glucose and insulin levels, supporting reduced caloric intake as an effective treatment for type 2 diabetes mellitus.
The most compelling data suggesting that Mc4r functions in the regulation of metabolism is that the increased body weight of the NPF Mc4r-null females at 12 wk of age, and of the NPF Mc4r-null males at 10 wk, occurred in the absence of any significant hyperphagia (Fig. 3) . It was not until 14 wk of age, when the NPF Mc4r-null females were 4.3 Ϯ 1.4 g and males were 10.9 Ϯ 1.8 g heavier than the WT controls, that they began to consume significantly more food. This result suggests that the metabolic deficit is the primary reason that Mc4r-null animals gain weight and that the hyperphagia occurs secondarily to support the animals increased body weight. This hypothesis is further supported by measurements of metabolic rate in young animals with similar body weights. We found that the Mc4r-null animals consumed 20% less oxygen than did the WT mice of the same weight (Fig. 6) .
Mc4r-signaling could influence metabolism in a number of ways. Mc4r-null mice responded normally to cold temperatures; however, the young, lean Mc4r-null females did not induce UCP1 mRNA in response to leptin. Our results are consistent with those reported by Satoh et al. (21) who found that the induction of UCP1 by leptin (administered centrally) could be blocked by central administration of the Mc4r antagonist, SHU9119. Taken together, these results suggest that Mc4r is involved in mediating leptin activation of the SNS and subsequent diet-induced thermogenesis.
Leptin regulates both food intake and energy expenditure (31); however, it is unclear whether the effects of leptin on these processes occur by means of separate or common signaling pathways. Previously, we showed that, with respect to food intake, obese Mc4r-null mice were resistant to leptin, whereas young lean Mc4r-null mice were partially sensitive to leptin, suggesting that leptin resistance with respect to food intake in Mc4r-null mice is at least partially a consequence of the animals being obese (14) . Here, we show that the inability of leptin to induce UCP1 mRNA in Mc4r-null females is evident when the mice are young and lean. Thus, the Mc4r-null mice are insensitive to leptin-mediated energy expenditure before they become completely resistant to leptin-induced inhibition of food intake. This result reinforces the idea that defective regulation of energy expenditure by Mc4r-null mice leads to obesity and that a compensatory increase in appetite occurs after the animals have increased body weights.
The data presented here indicate that Mc4r-null mice are more metabolically efficient than WT mice. A similar finding has recently been reported for melanocortin-3 receptor-null mice (18) . Mc4r mutations in humans have been associated with a dominantly inherited form of obesity (32, 33) . Many aspects of the regulation of energy homeostasis and the central melanocortin system appear to be similar in mouse and humans (reviewed in ref. 34 ). However it is unclear whether human beings with Mc4r mutations are more metabolically efficient. A recent report has indicated that Caucasians with heterozygous Mc4r mutations have a normal basal metabolic rate, whereas Indian͞Pakistani subjects, with heterozygous or homozygous Mc4r mutations, show a trend toward negative deviations in basal metabolic rate (35) .
